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6.1 Introduction

Progress in the discovery and development of human immunodeficiency virus
(HIV) treatment therapy has been among the most significant accomplishments
of medicine in the past quarter century and, arguably, a miracle of science. As a
result, HIV has become a manageable disease under a strict set of conditions
dependent on excellent medicines used in the right combinations along with
obligations for the patient to comply closely with specific dosing guidelines.
However, success does not occur in a vacuum and the situation is still dire for
many who either do not have access to the right drugs for their profile or have
complicated situations where optimal treatment is not possible. The most
recent numbers for 2011 actually show an increasing number of HIV-infected
persons, primarily as a result of a decrease in the number of deaths combined
with a stabilized rate of new infections." The numbers are still daunting: 1.7
million deaths annually, 2.5 million new infections and 34 million people
currently living with the virus. Additionally, what was once primarily a male-
centered disease is now increasingly affecting women, in particular women of
color in the United States are disproportionately affected by HIV infection.
While the therapy regimens in current use are significantly improved over the
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150 Chapter 6

early days of the disease, it has become strikingly evident that the most basic
part of the equation — getting patients to take their drugs —is a major reason for
a lack of efficacy.>® Although patient behavior seems far removed from the
discovery laboratory, the field has advanced sufficiently that building the
appropriate properties into new antiretroviral drugs to allow for optimal
patient convenience is now recognized as equally important to these drugs’
virological properties.

HIV virus is relentless and continually evolving under drug pressure to escape
control and continue the infection.* The transmission of such a resistant virus is
of concern and currently a topic of intense debate.”’ To complicate matters
further, the long-term tolerability and safety of many of the available thera-
peutic successes are not optimal.® This creates more challenges for patient
compliance. Of particular interest is finding regimens that allow delay of the use
of nucleoside analogs (nuc sparing) until later lines of therapy.”!'® Ironically, one
of the more interesting rationales for continued introduction of antiretroviral
agents comes from the curative approaches that are now being explored. It has
been argued that intensification of current regimens will be required for
complete suppression during transcriptional activation envisaged during
attempts to purge latent reservoirs.!' As such, there continues to be a need for
new drugs either from new classes or from further study of existing targets.

The above arguments support a need for new antiretroviral agents, but ones
that are optimized for patient needs and that provide clear benefit and differ-
entiation over existing options. On the surface, the field would appear to be well
served, with over 30 treatment options. However, on closer inspection, many of
these drugs center on the same mechanisms of action and are sufficiently similar
that they do not provide unique characteristics orthogonal to other drugs
already available. The key challenge for contemporary HIV antiretroviral drug
discovery efforts is to choose the right target and match a fully optimized
inhibitor while taking into account patient needs.

6.1.1 HIV Integrase

HIV is a retrovirus from the lentivirus family. The virus encodes 15 proteins, of
which only three (reverse transcriptase, integrase and protease) have enzymatic
activity.'” Reverse transcriptase (RT) and protease (PR) are responsible for the
conversion of single-stranded viral RNA into double-stranded DNA and the
proteolysis of the gag polyprotein, respectively. Both RT and PR have proven
to be excellent drug targets, with several antiviral drugs having been available
for both for many years. Targeting virally encoded proteins or enzymes has
traditionally been viewed as desirable due to a higher likelihood for selectivity,
since they are not derived from the host. A third virally encoded enzyme is HIV
integrase (IN). Integrase is a 32kDa protein that is responsible for the inte-
gration of reverse-transcribed viral double-stranded DNA (dsDNA) into host
chromosomal DNA during the retroviral replication cycle. As a result of this
unique retroviral step, integrase has become an attractive target for drug
discovery. The IN enzyme consists of a 288 amino acid primary sequence
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divided into N-terminal, C-terminal and catalytic core domains. The catalytic
core domain, consisting of residues 51-212, contains a triad of carboxylate
residues at positions Asp64, Aspl16 and Glul52, which is known as a D.D.E
motif and is highly conserved in the catalytic active sites of the polynucleotidyl
transferases superfamily.'>'* The three acidic residues are essential to enzyme
function and coordinate two metal ion cofactors, presumably Mg, under
physiological conditions.>'**> These active site metals catalyze phosphodiester
bond breaking and formation during the integration of viral and host
dsDNA."® The biochemistry of the integration catalysis consists of two distinct
mechanistic steps involving removal of a terminal dinucleotide from the
respective 3’ ends of the viral nucleic acid in the cytoplasm (3’ processing, Stage
B to C in Figure 6.1a) and nicking of the host DNA by the newly exposed
3’-hydroxyl groups in the cell nucleus (strand transfer, Stage D to E,
Figure 6.1a).'® Host cell repair mechanisms serve to complete the process of
removing the remaining nucleic acid flaps and fill in leftover gaps due to the
DNA nicking event. It is the strand transfer step that has been most amenable
to inhibition thus far and the target of the molecules discussed below. A short
section at the end of this chapter focuses on a newer class of inhibitors that
appear, at least in part, to invoke their antiviral effect due to inhibition of the
integrase 3’ processing step.

Early screening efforts resulted in the discovery of what have become known
as the diketo acid integrase inhibitors (DKAs) and acid isostere-containing
molecules by researchers at Merck'’ and Shionogi.'® The series of chemotypes
that were discovered proved seminal discoveries for much research that was to
follow; however, their clinical utility was far from optimal. The subsequent
structure—activity relationship (SAR) work that was done clearly established
some key pharmacophore attributes that include a metal chelating motif and a
hydrophobic tail. The so-called two-metal pharmacophore was set forth and
has served for more than a decade as the basic model for integrase strand
transfer inhibitor design.'”?' A representation of the model is shown in
Figure 6.1b, coordinated to an early DKA-derived drug known as S-1360.'>*
Further generalization of the model for consideration of additional molecular
design is indicated in Figure 6.1c, whereby the basic elements of metal-chelating
and hydrophobic motifs are present. Careful biochemical characterization
studies demonstrated that these chelating pharmacophore molecules selectively
inhibit the strand transfer step and have little effect on the earlier 3’ processing
event.”>?* Again referring to Figure 6.1a, the binding of an inhibitor results in
the 3’ processed intermediate, shown in Stage C, proceeding to an active
site—drug complex, indicated by Stage X in the diagram. This binding of the
chelating drug to the metals in the active site prevents coordination of the host
DNA phosphodiester and its eventual cleavage stabilization by the resulting
metals.

Recent progress in crystallography studies reported by Cherepanov and
co-workers,”> " using the prototype foamy virus (PFV) intasome complex with
known IN inhibitors, has served to validate the two-metal pharmacophore
concept. Moreover, the stacking interaction of the hydrophobic group with a
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Figure 6.1 (a) A graphical scheme of a two-metal-ion catalysis and inhibition
mechanism. Stage A to C indicates the 3’-processing reaction and Stage C
to E the strand transfer reaction. Stage A to B: the enzyme recognizes the
adenine base conserved in the third position from the 3’ end of viral DNA,
then activates the next phosphoric ester with the two metals. Stage B to C:
the activated phosphoryl ester is hydrolyzed to excise the terminal dinu-
cleotide and the recognized adenosine is exposed as the new 3’ end, giving
a pre-integration complex. Stage C to D: the pre-integration complex non-
specifically binds to host DNA to activate a phosphoryl ester by the two
metals. Stage D to E: the activated phosphoric ester is attacked by the
recessed 3’ end in the manner of an Sn2-like nucleophilic reaction, then
the viral DNA and the host DNA are joined with each other. Stage X: an
inhibitor chelates to the two metal ions of Stage C to block the host DNA
binding. (b) S-1360 binding to the metal cofactors. (c) A graphical
depiction of the two-metal pharmacophore model.

Reproduced with permission from reference 20.

viral nucleic acid substrate base observed in the co-crystal structures helped
explain some of the empirically determined minimal SAR requirements. Similar
concepts of two-metal coordination have been employed to design inhibitors of
the RNaseH motif of HIV-1 reverse transcriptase®?’ and an influenza
endonuclease.*”

The observations described above stimulated extensive research efforts in this
area over the past 15 years and have likewise met with considerable
success.” ' >* We begin our discussion where most of this work has culminated,
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Figure 6.2 Structures of raltegravir, elvitegravir, dolutegravir and S/GSK1265744.

with a brief review of the discovery and development of two first-generation
HIV integrase inhibitors (INIs), raltegravir and elvitegravir. The majority of
our attention, however, will be centered on the discovery of a series of
carbamoylpyridone-based ‘next-generation’ IN inhibitors, which led to the
identification of dolutegravir (S/GSK1349572) and S/GSK 1265744, currently
under development for the treatment of HIV as oral and long-acting injectable
agents, respectively (Figure 6.2).

6.2 First-generation HIV Integrase Drugs Raltegravir
and Elvitegravir

As mentioned above, efforts to find a suitable molecule for clinical progression
began in earnest after the DKA discoveries in the late 1990s. Several drug
candidates progressed into clinical trials after extensive preclinical SAR and
safety studies. These include S-1360,'>*> L-870810,** GSK364735,* GS-9160°¢
and BMS-707035,>7 which were subsequently terminated as a result of in-
sufficient pharmacokinetics (PK) to be either efficacious or differentiated from
the competition or because of safety assessment findings that precluded further
development. In 2007, however, after a host of failures, raltegravir (RAL)
became the first INI to achieve approval and registration successfully. The
discovery of raltegravir has been well documented by Rowley™® and will not
extensively be repeated here. To summarize (Figure 6.3), the key lead 5 came
from a hepatitis C virus (HCV) program for inhibitors of the NS5B RNA-
dependent RNA polymerase. This compound did not inhibit HIV integration,
but the metal-binding capacity of the scaffold gave researchers at the Istituto di
Ricerche di Biologia Molecolare (IRBM, a Merck subsidiary) the impetus to
build in the hydrophobic benzylamide (6) and they observed remarkable
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Figure 6.3 Lead progression for the discovery of raltegravir.

potency (85nM) in an integrase strand transfer assay in return for this very
simple modification. Modification of the 2-position of the pyrimidine led to
further improvements and substitution of the nitrogen to form the pyri-
midinone in moving from 7 to 8 was the last major structural core change of
note. Finally, continued optimization around the aminomethyl C2 substituent
allowed for the right balance of physicochemical properties while maintaining
cell penetration and limiting protein binding effects to deliver exceptional
potency. The result was raltegravir (1).>

Since the approval of RAL, the inclusion of an HIV-1 integrase inhibitor as
part of highly active antiretroviral therapy (HAART) regimens has become
increasingly attractive.*>*! Integrase inhibitors have been well tolerated and
among the most potent antiretrovirals discovered to date, based on nearly 5
years of post-launch experience with raltegravir, in addition to numerous
clinical studies with experimental agents. In addition to exceptional viral load
reduction, the class appears to result in a more rapid decrease in RNA copies,
although it is still unclear if this results in a meaningful clinical benefit.*?

Raltegravir had the notable privilege of being a first-in-class agent after
several years of relative calm in the development of new antiretroviral drugs.
The field was thus primed for an agent with a novel mechanism and the stage
was set for a pair of identical pivotal Phase 3 trials, based on geographic regions
and with a placebo control in a treatment-experienced population**** that
would demonstrate the superiority of raltegravir when added on to optimized
background therapy (OBT) with a placebo control in a treatment-experienced
population. The combined BENCHMRK 1 and 2 results at 48 and 96 weeks
showed clear superiority of a 400 mg twice-daily (bid) dose of raltegravir over
OBT alone. In addition to the primary endpoint of the number of patients
being below either 400 or 50 copies HIV RNA per mL, a significant increase in
CD4" cell numbers per mm® was noted for the raltegravir arms over the
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placebo. Furthermore, an analysis of resistance provided the first clear
information on what has become known as RAL signature mutations: N155,
Q148 and Y143, usually in combination with at least one additional mutation,
especially in the case of the Q148 pathway, which favors a second G140
mutation to rescue viral fitness.*>*’

The treatment-naive patient STARTMRK Phase 3 trial was of non-
inferiority design and compared RAL with the non-nucleoside reverse tran-
scriptase inhibitor (NNRTI) efavirenz, both as part of a three-drug regimen
that included the two nucleoside RT inhibitors (NRTIs) tenofovir and
emtricitabine. This study showed non-inferiority of RAL, with the INI and
NNRTI arms achieving 81 and 79% efficacy (<50 copies mL™') at 96
weeks.*>>! Similar levels of CD4" cell increase were also observed.

The above studies clearly establish RAL as a bid option for the treatment of
naive or experienced patients and investigators at Merck sought to evaluate
further the potential of their new agent. The SWITCHMRK study was an
attempt to show efficacious non-inferiority to switching from a protease
inhibitor (PI) to the INI RAL.> Since PIs have a long history of deleterious
effects on lipid profiles, albeit in the face of tremendous efficacy and high
genetic barrier to resistance, it would be desirable to have a similar virological
outcome without the lipid changes. However, RAL was shown to be inferior to
lopinavir/ritonavir at 24 weeks. Post hoc analysis showed that if previous
failure was taken into account, RAL performed similarly to the PI; unfor-
tunately, this was not considered in the trial designs. The effects on cholesterol
and triglycerides, however, were significantly more favorable for the RAL arm.
Thus, from an efficacy standpoint, there was still interest in further demon-
stration of the ability to change from a PI to an INI. A slightly redesigned and
smaller study called SPIRAL was undertaken in Spain to revisit the switch
challenge. Ultimately, this study did show non-inferior efficacy and improved
lipids in a 48 week trial, when patients with sustained suppression for more
than 6 months were chosen to switch regimens.>

These switch studies, along with the levels of resistance observed, particularly
in the BENCHMRK studies, began to create concerns about the genetic barrier
to resistance for RAL and perhaps, more broadly, for the class in general.* The
final major clinical study of note involving RAL was an attempt to gain
approval for once-daily dosing.”> The QDMRK study was designed to
compare 400 mg bid with 800 mgqd, with a common backbone of tenofovir/
emtricitabine. A fully powered Phase 3 study was planned through 96 weeks of
dosing, with primary endpoints at both 48 and 96 weeks. The 48 week analysis
showed a slightly inferior performance of the qd arm of the study when all
participants were included, with an apparent worsening situation for patients
with high viral loads of >100000 copies mL " or low CD4" cell count.

It is interesting to compare the above results with early clinical and
preclinical data around the PK profile of RAL. From the healthy volunteer
studies, RAL showed a rapid initial (o) elimination phase (1, =1h) and a longer
terminal (B) elimination (11 ="7-12 h).*° Similar PK was observed in the Phase
2a study, which established antiviral efficacy after 10 days of monotherapy
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when trough concentrations (C;»;) were maintained above a 33nM I1Cys.”’
Interestingly, all doses tested, 100-600mgbid, showed similar viral load
responses during this study, making a dose-response curve difficult to assess
fully. Further review of the preclinical PK data showed a similar biphasic
elimination curve, with a rapid initial phase followed by a slower terminal
phase. Although specific data were not reported for RAL for the early-phase
half-life in rat, dog and monkey studies, it was mentioned that RAL showed
similar PK to a closely related compound that nicely mimicked the clinical data
from the healthy volunteer and monotherapy trials. Overall, RAL showed a 2,
11 and 4 h terminal elimination phase in rat, dog and rhesus i.v. PK studies,
respectively. The corresponding clearance values were 39, 6 and 18 mL min '
kg '; volume of distribution (¥g) measures were 2.0, 0.9 and 1.2 Lkg .

Elvitegravir (EVGQG) is derived from a quinolone antibiotic scaffold originally
designed for bacterial DNA gyrase activity. The evolution of the quinolone into
a potent INI is shown in Figure 6.4a. Shinkai and co-workers designed the
quinolone keto acid motif 10 as a bioisostere of the two-metal binding
compound L-870,810 (9), which was an early-generation INI and the first to
show clinical efficacy.”® Although the keto acid 10 did not have integrase
activity, researchers were surprised to see that the structurally simpler acid 11
had low micromolar inhibition of an enzymatic strand transfer assay. Through
significant lead optimization, workers at Japan Tobacco were able to build in
substantial potency (ICs5o=0.9nM, protein-adjusted ICso=9.8nM) and
develop a suitable PK profile to justify clinical development.®® Preclinical PK
showed moderate oral bioavailability in rats and dogs (34.1 and 29.6%) and
also modest i.v. clearance rates (0.5 and 1.0Lh kg "), respectively. Terminal
half-life measures were 2.3 and 5.2 h in rats and dogs, respectively.®

EVG is predominantly metabolized via CYP3A. This feature became evident
during the early clinical investigations and has manifested itself throughout
the EVG development program.®'* As a result, EVG requires a PK booster
co-dose to achieve a clinically meaningful increase in EVG AUC (area under
the curve) measures, which is the key to making EVG a once-daily drug.®***
Since the very early monotherapy efficacy investigations, all clinical studies
have included a co-dose of ritonavir,®> which itself is an early-generation HIV
protease inhibitor, or of the CYP3A inhibitor cobicistat (COBI), which is based
on ritonavir but devoid itself of potent HIV antiviral activity.®® With the
pharmacokinetic booster available along with the two nucleoside analogs
tenofovir (TDF) and emtricitabine (FTC), the focal point of the development
strategy for elvitegravir has been the four-drug combination pill (QUAD) of
EVG-COBI-TDF-FTC.?7%

Two key Phase 2 studies looked at EVG in either experienced or treatment-
naive patients. In the experienced population, a protease inhibitor was
compared with EVG both with study arms including ritonavir and OBT.* For
naives, the QUAD regimen was compared with the three-drug combination
containing Atripla (efavirenz-tenofovir—emtricitabine).”” In both cases, the
primary endpoints were robustly met and EVG progressed into pivotal Phase
3 studies. The first Phase 3 trial to report was a study in experienced patients
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Figure 6.4 (a) Metal-chelating Lewis basic groups in the quinolone series derived
from naphthyridone INI L-870,810. (b) Two-metal chelation model for
elvitegravir. (c) Quinolone series evolution to discover elvitegravir.

with at least two-class resistance comparing EVG (150mgqd) with RAL
(400 mgbid) with a background regimen of a ritonavir-boosted protease
inhibitor. EVG was shown to be non-inferior to RAL in the 48 week analysis.”'
A second study (Study 102) based on the Phase 2 naive design mentioned above
comparing two single-pill regimens has recently reached the 48 week analysis.
The results confirm non-inferior efficacy of the QUAD to Atripla, with some
advantages reported for CNS, rash and lipid levels favoring the integrase-
containing regimen.”>”* A third study (Study 103), again in naive patients,
reported non-inferior results when the QUAD regimen was compared with the
boosted protease inhibitor atazanavir with a Truvada (tenofovir—emtricitabine)
backbone, effectively comparing the boosted INI with a boosted PL.7+7°
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With the advent of the QUAD regimen, elvitegravir clearly marks an
advance in convenience and, as a result, likely also an improvement in
adherence compared with raltegravir. However, EVG is highly cross-resistant
to two of the three major RAL signature mutation pathways. The N155H and
various residue 148 and 140 combinations were selected for in-cell culture
passage experiments’®’® and have been observed in patients.’*®! EVG
signature mutation pathways also include T66A/I/K and E92Q/V.”” EVG does
retain potency against the Y143 mutants,**® a difference from RAL that is
well explained from seminal structural work done on the prototype foamy virus
(PFV) surrogate system for HIV integrase by Cherepanov and co-workers.*®*’
Tyrosine 212 in the PFV system corresponds to residue 143 in the HIV
integrase protein. Raltegravir makes a m-stacking interaction between its
oxadiazole tail with the wild-type tyrosine benzyl ring. EVG lacks an aromatic
tail in the same region, hence its potency does not depend on this additional
interaction with the protein.

The work mentioned above covering RAL and EVG is just a summary of the
early-through late-stage development for the two integrase inhibitors. When
looking over the data profiles of these drugs, the opportunities for
improvement become apparent, centered around dosing requirements and
resistance. These limitations were apparent very early during the development
of both compounds and it was our goal to address both of these areas in our
attempt to find a truly next-generation INI.

6.3 Discovery and Development of Dolutegravir
6.3.1 Differentiation Objectives

The current financial hurdles to bringing a drug from early discovery to market
are enormous: some estimate the cost at over $1 billion.** Although the actual
number is hotly debated, the cost is high enough that the decision to develop a
promising lead has significant ramifications and investment must be placed
where it will have the greatest impact. With RAL and EVG already well in place,
the development of an additional integrase strand transfer inhibitor needs to
provide something of value to the patient, rather than being just a ‘me-too’ drug
of questionable utility.®> As our team began to consider the attributes necessary
to deliver an impactful drug, we developed four critical primary criteria. These
key attributes were (1) unboosted once-daily dosing, (2) a low-milligram dose
burden that would be amenable to a variety of fixed-dose combinations (FDCs),
(3) a superior resistance profile to retain potency against clinically relevant INI
resistance mutations and (4) a high genetic barrier to resistance.

6.3.2 Design of a Next-generation Scaffold

Since the DK A motif was identified, many two-metal binding scaffolds other than
a hydroxypyrimidinone (RAL’s core unit) or a quinolonecarboxylic acid (EVG’s
core unit) have been explored in the field of HIV-1 integrase drug discovery. This
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Figure 6.5 Overlay of accumulated two-metal binding scaffolds for refinement of
pharmacophore elements. Yellow lines partition the structures into each
pharmacophore region, A, B and C.

Reproduced with permission from reference 90. Copyright (2012)
American Chemical Society.

long-term accumulation of SAR experience, based on the two-metal phar-
macophore concept, opened up a new vista of lead discovery, which would
eventually address all the key attributes mentioned above. Figure 6.5 represents a
structural overlapping model of many historical two-metal binding scaffolds. As
elaborated in the original pharmacophore discussion above, region A is the two-
metal binding motif critical to all members of this class of strand-transfer
active-site binders. Region B is a hydrophobic pharmacophore space which is
consistently a halo-substituted phenyl group for optimal potency based on an
empirical review of many molecules in this class from our laboratories and others.
Region C is commonly fairly flexible and tolerant to diverse structural modifi-
cations that allow for optimization of the PK and other drug-like properties
required of an orally dosed small molecule. Additionally, there has been evidence
of region C adding significantly to the intrinsic potency of the inhibitor.

Region B was an interesting area in which we began to focus on subtle details
during our molecular design of a novel scaffold. Phenyl rings are clearly clus-
tering on region B, but upon closer inspection there appeared to be a range of
space occupied by the different rings, which have antiviral potencies ranging
from nanomolar to micromolar. It appeared from many examples that a
molecule extending the phenyl ring further in the overlap comparison was more
likely to show higher potency. Figure 6.6 shows two examples of a comparison
with different spacing of the region B hydrophobic benzyl group.

In order to demonstrate the concept, we can use a series of naphthyridines
(NAP-A and -B) and naphthyridinones (NTD-A and -B) as examples. Both
NAP-A and NAP-B have an identical naphthyridine metal chelation motif, but
are effectively rotated on a pseudo C, symmetry axis, placing the benzyl group
on opposite ends of the heterocycle.®**” As such, the NAP-A and NAP-B
scaffolds are set up to bind in a reversed orientation to one another, thereby
placing the hydrophobic benzyl group in the same pharmacophore space. As
seen in an overlapped model in the middle, NAP-A spaces the phenyl ring
further from the core region and represents higher potency than NAP-B. The
situation is similar for the naphthyridinones NTD-A and -B.*** Again, the
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Figure 6.6 Comparison of hydrophobic region B aromatic ring spacing in phar-
macophore analysis and design. The basis for increased ring spacing for
optimal potency in the design of a next generation inhibitor.

“Data from reference 59. Reproduced with permission from reference 90.
Copyright (2012) American Chemical Society.

NTD-A further extends the hydrophobic moiety and shows higher potency
than NTD-B.

Additional observations with other scaffolds further supported this optimal
hydrophobic positioning and, as a result, we adopted this rationale in the
course of our molecular design. Interestingly, a simplified RAL scaffold, which
has a short benzyl group spacing, has only weak to modest antiviral potency.
However, as we saw in the RAL optimization story (referenced in Section 6.2),
with additional modifications towards region C, RAL also achieved low
nanomolar potency.

In contrast, the EVG scaffold extends a phenyl group similarly to the NAP-A
and NTD-A structures. However, metal chelation could not be completed as
effectively due to weak bidentate coordination with the carboxylic acid unit.
Again, with additional modifications to the quinolone carboxylic acid scaffold,
EVG achieved high potency. In recent crystallographic studies of the prototype
formy virus (PFV) intasome with some HIV-1 integrase inhibitors reported by
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Cherepanov and co-workers, these aromatic rings extended to region B appear
to contact with the viral DNA substrate cytosine base.>> This further supports
the hypothesis that RAL could not extend a phenyl group sufficiently deep to
stack effectively with the substrate base. These crystallographic views also
support the suggestion that the EVG carboxylic acid could not complete an
effective bidentate chelation to both divalent magnesium cofactors in the active
site. Although these inspections are based on complexes with the PFV
intasome, the HIV-1 intasome likely represents a similar scenario.

The next step for molecular design was to consider the metal chelation
properties in region A, which is the critical pharmacophore. The DK A original
scaffold in this class includes a three-oxygen chelating unit. However, medicinal
chemistry optimization led to new two-metal binding scaffolds, including basic
heteroaromatic nitrogen atoms involved in metal coordination. The idea is that
a more basic chelator is able to provide higher potency, in addition to designing
chelating motifs into more ‘drug-like’ structures, as well as providing easier
synthesis. Several of the early candidates mentioned above (S-1360, L-870810,
GSK364735, GS-9160, BMS-707035) include at least one nitrogen to co-
ordinate a metal cofactor. The early-generation NTD and NAP scaffolds
described previously also consist of a nitrogen—oxygen—oxygen chelating unit.
As is generally accepted, integrase uses divalent metal cofactors under physi-
ological conditions that are presumed to be Mg>".?!*? According to the hard
and soft acid and base (HSAB) theory, ionic magnesium is categorized as a
hard metal; therefore, a hard base, such as oxygen, is preferred over nitrogen to
coordinate a magnesium metal in the active site. hence we proposed replacing
the nitrogen in NTD-A with oxygen in the chelation unit. An additional benefit
of using a harder base, such as oxygen, is to reduce potential side effects caused
by non-specific binding to soft metals utilized in other biological functions in
the human body. Our first attempt at replacing the nitrogen with an oxygen is
shown in Figure 6.7.”° Owing to bonding differences in oxygen versus nitrogen,
the ring system in the NAP and NTD scaffolds was opened to utilize an ‘acyclic’
carbonyl as the Lewis basic chelation group. The prior scaffold ‘ring’ integrity
and positioning of the benzyl group were maintained by placing a carboxamide
in the 5-position of the pyridone system whereby an intramolecular hydrogen
bonding with the pyridone core carbonyl allowed for coplanarity and

Figure 6.7 Molecular design of N to O chelation motif changes and introduction of
the carbamoylpyridone metal chelation region A.
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re-establishment of the original scaffold pseudo-ring system. With this design,
the benzyl is placed in the desired hydrophobic pharmacophore region, thereby
maintaining a favorable region B alignment.

An initial carbamoylpyridone inhibitor 15 provided a high antiviral potency
against a wild-type HIV-1 strain from a very simple scaffold. Even in the
presence of human serum albumin (HSA), a potency reduction of only 12-fold
resulted in 120nM (38.4ngmL ') as the protein adjusted ICsq in an MT4 cell-
based antiviral assay (MT*PAICs). This agent did not show sufficient efficacy
against three clinically relevant RAL-resistant mutants (Table 6.1); never-
theless, it was comparable or slightly improved when compared with RAL or
EVG. Furthermore, animal PK studies provided good ll (3.79-5.31h),
consistently low i.v. clearance (Clr=0.84-2.44mLmin 'kg ) and moderate
bioavailability (F=22.2-53.4%) across species, with the rat data shown in
Table 6.2. Most importantly, good coverage of plasma concentration over the
MT4pAICS, of 38.4 ng mL ' was observed in every species at 24 h post-dosing
(5mgkg ' oral dose). Moderate molecular weight and good solubility
combined with neither significant CYP inhibition nor metabolic concern
suggested that this was an excellent starting point for further optimization.

A first attempt at further modification was the replacement of the C2 ester
unit with an amide unit. It was unsuccessful because of an unfavorable intra-
molecular hydrogen bonding or steric hindrance that breaks the planarity of
the chelating core unit, which is required for effective binding to the two active
site metals (data not shown). Cyclization of the amide unit was a logical means
to address both removal of the ester and alleviation of the amide planarity issue
in order to reconstruct the metal chelation motif coplanarity. Hence this
bicyclic carbamoylpyridone core unit was derivatized towards cyclized
subclasses, represented by 16-18 shown in Tables 6.1 and 6.2. The inhibitors
are differentiated by a linkage, by the presence of unsaturation in the new ring
or by the addition of a hydroxyl group, in the case of 18. As was expected, every
derivative exhibited high antiviral potency against the wild-type strain and
acceptable potency shift in the presence of HSA. Although inhibitors 16 and 17
do not have sufficient efficacy against Q148K, one of resistant mutants for
RAL, inhibitor 18 showed improvement with only a 2.1-fold change.
Conversely, the rat PK profiles for bicyclic analogs 16 and 17 were
encouraging, but low oral bioavailability of the hydroxyl derivative 18 raised
concerns and left room for improvement. In addition, the hemiaminal func-
tionality is not only a chiral center but quickly racemized after chiral
separation, presumably via equilibrium of the open-chain aldehyde form.

As had been done in progressing from the monocyclic amide to the bicyclic
derivatives to address the issue around coplanarity and its effects on potency,
we again resorted to the formation of a ring to solve a completely different
challenge in the case of the hydroxyl analog 18. Formation of the tricyclic ring
system 19 again resulted in high potency against the wild-type virus and a low
protein-adjusted 1Cso and, similarly to the hydroxyl derivative, the tricyclic
version had only a threefold change against the Q148K site-directed mutant
that was being used as a surrogate measure of the ability to address clinically

Cipla v. Gilead Patent Owner Exhibit 2024
IPR2025-00033 Page 15 of 41



Table 6.1 Antiviral activity for carbamoylpyridone integrase inhibitors.

$1011q1yuy asvaSajuf AJEH

Compound — Structure MIrCs, (uM)  MT*PAICs, (uM)  QI48K (FC)  NI55H (FC)  YI43R (FC)
RAL 0.0062 0.029 83 8.4 16
EVG 0.0013 0.029 >1700 25 1.8
(0]
15 /@”u)jj/t( 0.010 0.120 200 21 1.5
% OMe
F o
OH O
16 @ N 0.0016 0.027 35 3.7 16
N\/\OMe
17 @ A 0.0059 0.018 18 L5 1.5
N\/\OMe
OH
18 @ Z N“r“ 0.0038 0.014 2.1 1.5 1.5
N\/\OMe
2
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Table 6.2 Rat pharmacokinetics for carbamoylpyridone integrase inhibitors.

Compound ~ Clt (mlmin "kg') t;5 (h) Vas (Lkg') F (%) Co i/ PAICs,

15 1.16 4.67 0.19 534 34
16 0.02 10.5 0.01 39.5 2600
17 0.51 3.36 0.12 40.6 27
18 0.24 7.6 0.14 13.6 117

Table 6.3 Antiviral activity and pharmacokinetics for 19.

Cl
(ml
PV IO PHVPAICS, QI48K  min! F
Compound ~ Structure (uM) (uM) (FC) ke!) (%)

(@]
H
o]
19 /@ANW\J 0002  0.019 28 010 51
7 N
F (o)
OH O
(o] HO
198 /@AHW\J 0.002 0.081 24 010 79
7 N
F (o)
OH O

(o)
H
: O
19R @”H ~ NﬁN/\J 0.002  0.009 11 017 52
F (o] Z
OH O

relevant resistance mutations. Also encouraging was the fact that the tricyclic
compound 19 had a very low 1i.v. clearance in rats, along with the best half-life
observed thus far and over 50% oral bioavailability (Table 6.3).

6.3.3 Execution and Delivery of the Tricyclic
Carbamoylpyridone

Once robust activity and scaffold properties had been established, our program
moved to a single-round pseudotyped antiviral luciferase reporter assay
(pHIV),”! for improved throughput and biosafety concerns. Tricyclic carba-
moylpyridone 19 was also a potent antiviral (ICsq 2nM) in the pHIV assay
while demonstrating a similar threefold loss in activity against the Q148K
mutant virus, as was observed previously in the MT4 assay system. Addi-
tionally, a modest protein binding shift of tenfold resulted in a protein-adjusted
ICso (PM'VPAICs) against the resistant virus of 53 nM.

This virological profile was a significant advance toward our goal. However,
this data set was from the racemate and the concern over differential potency,
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Scheme 6.1 Synthesis and isolation of tricyclic carbamoylpyridone enantiomers 19R
and 19S. Reagents and conditions: (a) 3-aminopropanol, AcOH, pW;
(b) chiral SFC separation; (¢) Pd/C, H,, THF.

protein binding and PK properties needed to be addressed immediately. The
individual isomers were isolated after chiral chromatographic separation of the
O-benzyl-protected precursor 21 to give the enantiopure benzyl ethers 21R and
21, which were subsequently deprotected through hydrogenolysis to give the
individual pure enantiomers of 19 (Scheme 6.1).

Table 6.3 gives comparison antiviral and key low-dose rat PK parameters for
racemic 19 and its individual enantiomers 198 and 19R. We were initially
concerned that the hemiaminal stability would be an issue, but no inter-
conversion or chemical stability issues were observed with the purified isomers of
19 or any other of the tricyclic analogs discussed below. Notably, the isomers had
almost identical antiviral activity, although significantly different protein binding
shifts, with the S isomer showing a 40-fold shift, whereas the R isomer had a
very modest 5-fold loss of potency with added human serum albumin. The
isomers also showed a differential loss of activity against the Q148K mutation,
with the S derivative having only a 2-fold potency change, whereas the R analog
had a 11-fold shift in activity. Both purified isomers and the parent racemate
showed very low rat i.v. clearance values and good oral bioavailability, further
stimulating our interest in the series. However, close inspection of the data set
makes it evident that data for the racemate are in fact a convolution of the
favorable potency and low protein adjustment from the R isomer, while the PK
and Q148K fold change are perhaps driven substantially by the S isomer.

Although the data may be complicated, the clear fact was that both
enantiomers were very promising compounds. The question was how to
progress, as separation via chromatographic means was highly undesirable,
even for early stages of development. The most attractive way forward would
have been an asymmetric synthetic approach but, since the stereocenter of
concern was a hemiaminal in a complex ring system, good synthetic metho-
dology was not apparent and would have required extensive experimentation
even if it were possible under any conditions. The concept of a chiral auxiliary
was among the first to be considered, but this was quickly recognized as an
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undesirable approach because there was no precedence for our specific system
and the fact that our core ring system had limited functional handles on which to
append any necessary stereocontrol elements. Consideration of the mechanism
for the condensation and ring formation brought to mind the use of substrate
control as a possible strategy to establish a handle to impact stereochemistry and
also further evaluate SARs. Our hope was that by introducing substitution to the
system we would either further improve the biological activity and/or PK and
allow for robust stereocontrol or minimally reap the synthetic chemistry benefits
and not have any deleterious effects on the above properties. This concept is akin
to an auxiliary approach whereby a diastereomeric situation is established to
discriminate between isomers, with the exception that, in our case, the auxiliary is
retained as a beneficial part of the final drug.

As shown at the top of Scheme 6.2, with the use of an achiral amino alcohol,
as had been done for the synthesis of 21, there is no stereochemical preference

. fegpees

5 . 0BnO

NH H rac-21
O 8\ )

Z>Co,Me
L A OBn _

HzN/j AcOH, DCE
A

HO

OBn O
18

/\)\ uw, 10 min,
H.N OH AcOH, DCM
2

(64%)

9:1d

O__NH O_NH — O
/ B
NH ]/ NH ; N N/\'L/ \J
O NN NN o
Z>co,Me 07 co,Me 0Bn G
B oBn C oBn rac-23

Scheme 6.2 Implementing substrate control of a hemiaminal stereocenter.
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in intermediate A and, therefore, racemic product is formed. However, if an
amino alcohol with a chiral center is employed, diastereomeric intermediates
B and C are formed, resulting in an equilibrium that should favor the
most stable chair conformation, as indicated by intermediate C. The final
step of lactam ring closure should then lead to a biased product distribution
related to the intermediates B and C. In the first attempt at this method using a
racemic alcohol, rac-22, a 9:1 diastereomeric ratio (dr) favoring the expected
product 23 from having both the methyl and methylene hemiaminal substituent
in equatorial orientations was observed. Since our initial experiment
was only to prove the relative stereocontrol principle in our system, we
immediately repeated the reaction with chiral non-racemic alcohol 22 and
obtained enantiomerically pure 23 after removal of the minor diastereomer by
achiral silica gel chromatography. Removal of the benzyl ether under standard
hydrogenolysis conditions served as a final step to arrive at the desired
inhibitor design.

We sought to extend this methodology further to other substituted 1,3-amino
alcohols. In the case of the 2-substituted derivative, an erosion of the stereo-
control was observed under the conditions employed to give a still useful 4:1
selectivity [eqn (6.1)]. Placement of the stereocenter next to the amino terminus
of the 1,3-amino alcohol led to exceptional diastercoselectivity [eqn 6.2)].

F

41 dr
/©/\NH jHO cat. ACOH o ’\:‘
CH,CI, o
F 07N N KK — N7 NS N/\‘/ 6.1)
uw 140 °C H
NN M OH NH, g e AN

24 OBn O 25 26 OBn O

Me  OH > 10 min

F
>20:1 dr
/©/\NH jHO cat. AcOH o —\;
CH,CI, o (6 2)
Z -, Z /\‘/ .
F o N ] + (\( o 1208 /@\/\” N |
0N F F oo
24 o0Bn O 27 28 o0Bn O

Interestingly, regarding the 3-substituted case shown in eqn (6.2), the
stereochemical outcome resulted in the methyl and hydrogen of the two
stereocenters existing on the same face, which effectively places the methyl
group in an axial position. This may not be expected upon casual inspection of
the system since, mechanistically, the reaction is believed to proceed through
first formation of the hemiaminal with the aldehyde, which then can cyclize to
form the tricyclic-fused amido system. This initial hemiaminal would be
expected to exist in the most stable chair form indicated under energy local
minima B in Figure 6.8. Ring closure of this would then provide the 1,3-diaxial
hydrogen-containing system shown as D in Figure 6.8, but that is not observed.
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Figure 6.8 Curtin-Hammett explanation of 4-methyl substitution stereochemistry.

In fact, a Curtin—~Hammett scenario is established as a result of a significant
eclipsing interaction, resulting in a high-energy TS2 compared with the
alternative axial methyl-containing TS1. There is a 3.6kcalmol' energy
difference between the two diastereomeric products favoring C, which is
observed experimentally as the predominantly observed product with >20:1
selectivity.

The findings for the 1,3-amino alcohols stimulated our interest to investigate
the related 1,2-aminopropanols to explore the diastercoselectivity of this
system. Our initial attempt using (R)-1-aminopropan-2-ol (29) gave dis-
appointing results, with a difficult-to-separate 3:1 mixture of diastereomers (30)
[eqn (6.3)]. However, switching to the regioisomeric (R)-2-aminopropan-1-ol
(31) gave a >40: 1 mixture of diastereomers favoring the trans stereochemistry
as shown in 32 [eqn (6.4)]. This is again explained as a result of a
Curtin—Hammett situation, whereby the energetically favored intermediate is
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slow to cyclize and the product distribution is driven by the ring-closing step
energetics, with the frans product having a ~2.24 kcal mol ' lower energy.
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6.3.4 Choosing the Optimal Candidate

We were pleased to observe that the methyl isomers (33-37, 3) all had high
potency as good as or better than that of the unsubstituted original enantio-
merically pure analogs of 19. A detailed examination of the SAR is not included
herein, but suffice it to say that the methyl analogs appeared to be the optimal
molecules to deliver stereocontrol while preserving or improving the necessary
virological and PK properties (Table 6.4). Further complexity, lipophilicity,
polarity or size of the substituent did not appear to bring any advantages to
justify the added challenges of accessing the necessary amino alcohol and
increase in molecular weight.

A key parameter in our triage of compounds was the coverage of the
protein-adjusted ICs, at 24 h post-dosing from a standard Smgkg ™' oral dose
(Caan/MVPAICs,). The formulation studies ultimately do become important,
but for screening of analogs we typically began with either a solution or
suspension dose and eventually moved to a fully crystalline drug in capsules as
a measure of our worst-case bioavailability. The combination of the PK profile
along with early virology data places compounds 3 and 4 in an area with great
potential for more detailed virological assessment.””

6.3.5 Tricyclic Carbamoylpyridones Deliver ‘Next-generation’
Virological Profiles

Compounds 3 and 4 were examined in MT-4 cell and peripheral blood
mononuclear cell (PBMC) HIV multiround replication assays (Table 6.5).7%4
A more robust protein shift value was also determined via titrating various
concentrations of human serum into the MT4 cell assay system.*> From these
data, a better approximation of the protein-adjusted clinical target was able to
be determined. The overall fold shift values were somewhat higher than the
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Table 6.4 Antiviral and pharmacokinetic data for diastereomeric carbamoyl-

pyridone tricyclic series.

X (o]
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“ Not reportable due to prolonged exposure and extrapolation in excess of 20% of the total AUC.

pHIV data using purified human serum albumin suggested, but the overall
comparison was similar, with 4 showing a significantly higher fold shift than 3.
The final clinical target was determined using the PBMC data and applying a
fourfold factor to correct from the measured ICs, to approximated I1Cqy, and

Cipla v. Gilead
IPR2025-00033

Patent Owner Exhibit 2024
Page 23 of 41



HIV Integrase Inhibitors 171
Table 6.5 Antiviral potency and protein-adjusted ICyy of 3 and 4.
INST ICs, MI*ICs, PBMC ICs, Hus fold PAICy,

Compound (uM) (uM) (uM) shift (ngmL™")
3 0.003 0.002 0.0005 75 64
4 0.003 0.001 0.0002 408 166
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Figure 6.9 Comparison of fold change in HeLa cells ICs, of 3 and 4 against key IN
resistance mutations.

applying the fold shift factor to that number. For 3 and 4, the final PAICy,
values were determined as 64 and 166 ng mL ', respectively.

Further evaluation of the resistance profile of 3 and 4 was undertaken in a
HeLa cell assay with several site-directed mutant viruses meant to profile the
two lead structures against a panel of relevant raltegravir and elvitegravir
signature mutations. As can be seen in Figure 6.9, the fold change in activity
when challenged with resistant mutations is vastly improved for 3 and 4
compared with RAL and EVG. Further data for 3 have been reported
previously in a wider panel of mutants.”

6.3.6 Preclinical Pharmacokinetics

The PK profiles of the two leads were determined for Sprague—Dawley rats,
beagle dogs and cynomolgus monkeys (Table 6.6). For the purpose of rigorous
assessment, oral doses were performed using a standard Smgkg ' dose from
fully crystalline drug in a capsule to assess solid dosage form performance. For
the purpose of this study, 3 was studied as its corresponding sodium salt,
whereas 4 was dosed as the neutral molecule. Values for the i.v. data for both
compounds appear to correlate well with the free unbound fraction, resulting in
higher clearance values relative to hepatic blood flow in species with a larger
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Table 6.6 Pharmacokinetic parameters for rats, dogs and cynomolgus
monkeys for 3 and 4.

Unbound  CIl (mL f V s F Coynl
Compound  Species” (%) min ! kg) Zh) (Lkg') (%) PAICq)
3 Rat 0.1 0.2 6.2 0.1 35 18
Dog 4.6 2.2 5.2 0.3 35 4.6
Monkey 0.9 2.1 6.0 03 25 0.76
Human 0.7 - - - - -
4 Rat <0.1 NR? >18 NR’ NR? 57
Dog 0.7 0.3 5.7 0.1 8 0.9
Monkey 0.3 0.3 4.0 0.1 6 1.3
Human 0.4 - - - - -

“Liver blood flow (Ibf) = 55/31/44mL min 'kg ' for rat/dog/monkey.
bNot reportable due to prolonged exposure and extrapolation in excess of 20% of the total AUC.
“The PAICy, value used was the clinical target of 64 ngmL ' for 3 and 166ngmL " for 4.

unbound drug fraction. This is most pronounced in dogs for 3, where a 4.6%
free fraction results in clearance being ~ 7% of liver blood flow (Ibf) [the 1bf
values used (mL min ' kg ") were 55 (rat), 31 (dog) and 44(monkey), according
to Davies and Morris’”] whereas for rats the clearance is extremely low (<0.5%
Ibf), corresponding to a much lower free drug fraction as determined by
equilibrium dialysis measurements. The data for monkeys are between for the
rat and dog at 5% of Ibf (44mlmin 'kg ' for a monkey). Similar trends are
present for 4, although it has a lower free unbound fraction across all species
that results in very low clearance. The oral bioavailability of 3 is good from a
suspension dosing formulation. Lower values were measured for 4 that was
dosed from an unoptimized solid ‘powder in a capsule’ formulation, although
coverage of the PAICy, was still possible across species. Both compounds were
highly permeable (MDCK, P,,,=585nm s' for 3 and 425nms' for 4).
However, solubility in simulated gastrointestinal (GI) fluid was low (130 and
42pgmL " for 3 and 4, respectively), likely resulting in dissolution-limited
absorption from our solid-dose formulation.

No significant inhibition of CYP3A4 or time-dependent inhibition was
observed for either 3 or 4. The compounds were also extremely metabolically
stable (#1 >180min) in rat, dog, monkey and human S9 fractions and also rat
and human hepatocyte incubations (#1 >220 min). The combination of all the
above PK data resulted in low predicted human qd doses (<100mgd ") that
would achieve the targeted Cirouen levels.

6.3.7 Choosing a Lead and Back-up

With two advancing leads, it became necessary to make some decisions about a
front-runner and a back-up to prioritize resources and aggressively move the
best asset forward. However, in our case, both compounds were attractive and
there was nothing to suggest clearly that one should be sidelined, although it
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was not a case of everything being equal. Different PK properties and Ciougn
efficacy targets led us to consider whether perhaps one of these compounds did
have an advantage that we had not yet accounted for in preclinical studies.
Consequently, both compounds continued to proceed. In the end, the lower
clinical target of 3 made it the priority and it quickly gained speed over the
remaining compound 4. There were some concerns about the protein shift and
higher Ciougn target for 4, but these properties have thus far proven to be
significant attributes, albeit with far fewer data in hand than for 3.
A description of how 4 is being developed is described in the next section.
Compound 3 ultimately became what is known as dolutegravir (DTG,
S/GSK1349572) and compound 4 is known as S/GSK 1265744 (S/GSK744).

6.3.8 Clinical Development of Dolutegravir

Early Phase 1 clinical data for DTG demonstrated a 15h half-life while
producing a 25-fold coverage of the PAICy, versus Ciougn from a 50 mg once-
daily dose, without the need for a boosting agent.’® These data were translated
into a study design whereby once-daily doses of 2, 10 and 50 mg were given for
10 days as monotherapy to HIV-infected patients who were treatment-naive or
off-therapy experienced during a Phase 2a proof-of-concept study. The results
from these doses showed log;, viral load decreases in HIV-1 RNA copies per
milliliter of plasma of 1.51, 2.03 and 2.46, respectively (Figure 6.10).”” DTG
was well tolerated during these studies while delivering an excellent impact on

[ Dosing period | Follow-up period |

k=i IR T T T 1 1
0.5

0.071

-0.57

=1.01
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-2.51

Mean Change from Baseline in HIV-1 RNA

Figure 6.10 Phase 2a 10 day monotherapy viral load data for DTG.
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viral load from a low once-daily dose. Clinical pharmacology studies showed
no evidence of clinically significant drug—drug interactions with lopinavir/
ritonavir (r), atazanavir/r, darunavir/r, tenofovir, the proton pump inhibitor
omeprazole or multivitamins.”® '°! Additionally, there appears to be a lack of a
clinically significant food effect, further improving patient convenience and
dosing flexibility.'”> Antacids have been found to impact the clinical PK
sufficiently that either dosing 2 h prior to taking antacids or 6h after is
recommended. This may be due to chelate formation in the stomach/GI tract
with metal ions in antacids such as Maalox, which decreased absorption. It
could also potentially be a result of pH adjustment in the stomach or upper GI
compartment as a result of the basic supplement. It has been observed that co-
administration with the NNRTI agent etravirine alone leads to significant
decrease in exposure of DTG, likely due to induction of the UGT1A1 enzyme,
a primary route of metabolic clearance for DTG.'® If this combination is
co-administered with a ritonavir-boosted protease inhibitor, this effect is
greatly reduced.

DTG was further examined in the Phase 2b SPRING-1 dose-ranging study in
treatment-naive patients. Doses of 10, 25 or 50 mg qd with either Truvada or
Epzicom nucleoside backbone agents were compared with the same back-
ground therapy with 600 mg of the NNRTI efavirenz (Figure 6.11).' Once-
daily, unboosted DTG demonstrated durable antiviral activity for all dosing
arms, with 88% responding through 96 weeks'’ and a favorable safety profile
at the 50mgqd dose, the dose chosen for further Phase 3 studies
outlined below.

A second smaller but important dose-ranging study, termed VIKING, was
designed to determine the antiviral effects of DTG in an integrase-resistant,
highly treatment-experienced patient population. A first cohort of 27 patients
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Figure 6.11 SPRING-1 Phase 2b treatment-naive data through 96 weeks.'*®
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were given 50 mgqd on top of their existing background regimen for 10 days,
followed by OBT on day 11 onwards. A second cohort of 24 patients were
dosed under similar conditions, but with 50 mg bid to increase DTG drug levels
further and a requirement for at least one fully active background agent.
After 10 days with Cohort 1, 21/27 (78%) patients met the primary endpoint of
<400 copies mL™" whereas 23/24 (96%) of the Cohort 2 patients achieved the
endpoint successfully. After 24 weeks, 41 and 52% of patients in the qd cohort
and 75 and 83% of patients in bid cohort achieved plasma HIV RNA levels
below either 50 or 400 copies mL ", respectively.'%!%7 These data are critical in
addressing the ability of DTG to treat integrase-resistant viruses in an actual
clinical environment and serves to validate the preclinical virological data
presented above.

Phase 3 evaluation of DTG is well under way at the time of drafting this
chapter. Two pivotal trials looking at the treatment-naive population
(SPRING-2 and SINGLE) have been reported thus far. SPRING-2 demon-
strated that DTG was non-inferior to RAL through 48 weeks of treatment;
88% of study participants on the dolutegravir regimen were virologically
suppressed (<50 copiesmL ") versus 85% of participants on raltegravir [2.5%
adjusted treatment difference, with 95% confidence interval (CI) —2.2%
to +7.1%].'® SINGLE is an ongoing double-blind, double dummy study
designed to compare the efficacy and safety of two antiretroviral regimens:
dolutegravir 50mg plus abacavir/lamivudine (Kivexa/Epzicom) versus
Atripla  (tenofovir/emtricitabine/efavirenz). The study demonstrated
superiority of the dolutegravir-based regimen over Atripla: at 48 weeks, 88% of
study participants on the dolutegravir regimen were virologically suppressed
(<50 copiesmL™") versus 81% of participants on Atripla [difference 7.4%
and 95% CI +2.5% to +12.3%; the difference in the primary endpoint was
statistically significant, p =0.003].%

There are also two ongoing studies in the treatment-experienced population.
The SAILING study compares DTG 50mgqd OBT with RAL plus OBT in
treatment-experienced patients who are failing in their current therapy.
A fourth Phase 3 study, VIKING-3, will explore the effect of DTG treatment
(plus OBT) in INI-resistant patients. At this point, DTG is in late-stage clinical
evaluation, but sufficient data exist to consider the goals of the discovery
program to have been robustly achieved.

6.3.9 Long-acting Parenteral INI — S/GSK744

The potency and resistance profile''® of S/GSK744 also makes it a very
intriguing drug. A multipart Phase 1 study was conducted that included a
cohort of HIV patients and also healthy volunteers to assess both efficacy and
human pharmacokinetics, in addition to safety and tolerability data. In this
study, subjects were given doses of 5, 10 and 25 mg once daily for 14 days and
showed a near 30h half life, with robust coverage of the PAICy, value
determined as 166 ngmL". Even at the 5 mg dose, several multiples of exposure
over the clinical target were observed through 72 h. In the monotherapy cohort,
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Figure 6.12 S/GSK 1265744 Phase 2a monotherapy study.'"!

a 30mgqd dose provided a 2.6log;q decrease in viral load at day 11, thus
verifying the pharmacodynamic response predicted from the antiviral and PK
data (Figure 6.12)."'" In addition, a study to examine drug-drug interactions
between S/GSK 744 and etravirine was completed and it was found that ETR
does not affect S/GSK 744 pharmacokinetics.''?

The significant viral load impact observed along with the low dose required
to achieve such an effect plus long # led to the proposal for development of
S/GSK 744 as a long-acting parenteral agent. In this scenario, a suspension of
drug is introduced via subcutaneous or intramuscular injection and a reservoir
of drug is established whereby exposure is achieved through slow absorption
from the drug depot. The first evidence of clinical PK, safety and tolerability of
S/GSK744 in healthy volunteers has recently been disclosed, showing an
apparent 71 of 21-47 and 45-47 days from intramuscular and subcutaneous
injections, respectlvely '3 Further studies are currently under way to examine
this paradigm-shifting approach whereby daily adherence concerns are
removed and new options for antiretroviral therapy are introduced in a
situation that now requires relentless daily therapy for the remainder of a
patient’s life.

6.4 Non-catalytic Site Integrase Inhibitors

Despite the success of integrase strand transfer inhibitors, intensive research is
ongoing to seek alternative mechanisms to inhibit this enzyme. The primary
concern is the emergence of resistance in clinical use as observed with both
raltegravir (RAL) and elvitegravir (EVG). To complicate the situation further,
multiple studies have demonstrated cross-resistance between first-generation
INIs, as alluded to above.*””” Although the next-generation integrase
inhibitor DTG has a superior resistance profile, the potential for resistance
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remains, as is the case for all antiretroviral agents. Beyond strand transfer
inhibitors, momentum has been growing in the field collectively known as non-
catalytic site integrase inhibitors (NCINIs). These NCINIs are believed to be
allosteric inhibitors of the integrase enzyme that disrupt the interaction of IN
with the key cellular co-factor, lens epithelium-derived growth factor
(LEDGF/p75). The proposed role for this interaction is to guide the preinte-
gration complex to transcriptionally active regions of endogenous chromatin
during integration. The LEDGF/p75 protein consists of 530 amino acids and
contains a chromatin-binding N-terminal region that has a Pro-Trp—Trp—Pro
(PWWP) motif, two copies of the AT-hook DNA binding motif and a nuclear
localization signal (Figure 6.13). A highly conserved region of the C-terminus
of LEDGF/p75 binds to IN and is termed the integrase-binding domain
(IBD).'"* ¥ The importance of LEDGF/p75 in HIV-1 replication has been
demonstrated by numerous groups and it is well documented that alteration of
the cellular co-factor by mutagenesis, knockdown, RNA interference or
alteration of the nuclear localization signal sequence has a deleterious effect
upon viral replication.''”'?* Furthermore, LEDGF/p75 has been reported
both to stimulate HIV-1 IN enzymatic activity (both strand transfer and 3’
processing) and to protect it from ubiquitin—proteasome degradation.'*!**

In 2005, the first high-resolution crystal structure of the dimeric catalytic core
domain (CCD) of HIV-1 IN complexed to the IBD of LEDGF/p75 was
disclosed.'?> Of particular interest was a small binding pocket located at the
CCD dimer interface where the IBD of LEDGF/p75 contacted two IN subunits
(Figure 6.14). Although many of the key contact amino acid residues were
validated by site-directed mutagenesis, additional interactions between the full-
length proteins were more extensive than observed in the crystal structure.'?® A
majority of these additional residues reside at the interface of the IN subunits
and may suggest a potential role of LEDGF/p75 with IN multimerization.'*°
Overall, these findings established the framework for designing small-molecule
inhibitors of the interaction of LEDGF/p75 with HIV-1 integrase.

Debyser and co-workers utilized structure-based design to develop a series
of inhibitors based on the aforementioned co-crystal structure of HIV-1 IN
CCD with the IBD of LEDGF/p75.'? Initially they performed a virtual screen

NLS AT-hooks
148 156 178 197

03 266 347 429 530
| \| I/ | | | |
LEDGF/p75 CRI cr2 | cr3 -:
g |
142 208 325

Binding H DNA H integrase

x > chromatin
interactions ( )

Figure 6.13 Domain organization of the LEDGF/p75 protein.
Reproduced under terms of the CCAL license from reference 118.
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Figure 6.14 Crystal structure of the LEDGF/p75-IN Interaction. (A) Integrase-
binding domain of LEDGF/p75 (in magenta and yellow) binding with
the integrase CCD (in blue and green). (B) Highlighting key residues of
the CCD-IBD interaction: a bidentate hydrogen bond of D366 with IN
residues H171/E170 and 1365 interacting with a hydrophobic pocket
formed by IN residues A128, W132, L102 and M178.

Reproduced under terms of the CCAL license from reference 118.

of 200 000 commercially available compounds that afforded 25 hits for further
evaluation. This led to a series of 2-(quinolin-3-yl)acetic acid derivatives that
inhibited the IN-LEDGF/p75 interaction in vitro and also demonstrated
micromolar antiviral activity in HIV-1 infected cells with no appreciable
cytotoxicity. Their most potent compound (LEDGIN 6, 39, Figure 6.15) did
not affect integrase-DNA binding, was a very weak strand-transfer inhibitor
(ICso=19uM) and was inactive in 3’ processing (ICsy >250 uM). In vitro
resistance passaging of 39 selected for a single point mutation A128T, which is
located at the edge of the LEDGF/p75 binding pocket (Figure 6.14B). The
binding mode was unambiguously assigned, with a co-crystal structure of 39
revealing that the compound occupies the LEDGF/p75 pocket located at the
CCD dimer interface. Furthermore, 39 demonstrated no significant cross-
resistance with reverse transcriptase, entry or integrase-resistant virus strains.
Conversely, an IBD-resistant strain of virus (A128T/E170G) was fully resistant
to 39 but suffered no loss in susceptibility to the other antiviral agents tested.
Although the lack of antiviral potency for these early inhibitors prevented
further development, these compounds did offer valuable insight into the
potential for this new class of integrase inhibitors.

Independent of the findings reported by Debyser’s group, Boehringer
Ingelheim published a patent claiming fert-butoxy(4-phenylquinolin-3-yl)acetic
acid (tBPQA) derivatives as inhibitors of HIV replication.'*® This series was
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~
N

LEDGIN 6

Figure 6.15 Structures of LEDGIN 6, BI-1001 and BI-C.

originally discovered as part of a high-throughput screen for integrase 3’
processing activity (see Figure 6.15, 41 for a representative example).'” The
lead compound, BI224436, has excellent ADME and antiviral properties and
was advanced into Phase la clinical trials to evaluate safety and dosing in
healthy volunteers. Using the PhenoSense assay to measure antiviral activity
against 200 clinical isolates, BI224436 had a mean ICsy of 13 nM. As observed
with the LEDGIN class of inhibitor, there was no decrease in potency against
RAL-resistant viruses.'*” In a double-blind, placebo-controlled, single-rising
dose escalation, BI224436 proved safe and well tolerated up to the highest dose
group of 200 mg. Overall, BI224436 demonstrated a dose-proportional increase
in plasma Cy,,x and AUC and was rapidly absorbed with a median 7,,,x of 0.5h
and a 7 of 7.1 h. Based on the PK profile, an oral solution dose of 100 mg qd
prov1ded the target therapeutic plasma drug concentration of 500 nmol L'
24h."*! For undisclosed reasons, the development of BI224436 was stopped
following the initial phase 1 study. In late 2011, Bochringer Ingelheim entered a
licensing agreement with Gilead Sciences to develop this series of NCINI
further.

Although the understanding of the mechanism of action for these types of
inhibitors will likely evolve over time, it is clear that these molecules inhibit the
HIV-1 IN enzyme in a manner unique to the current INIs. Owing to the
structural similarity between the LEDGIN and tBPQA class of NCINI, it is
difficult to reconcile the reported differences in mechanism of action between
these molecules. A recent study refuted the original claim that LEDGIN 6 was
devoid of 3’ processing activity and reported it to be a low micromolar inhibitor
of 3" processing (ICsp=3.9 uM) similar in activity to BI-1001 (ICso=2.3 uM;
40, Figure 6.15)."3 Crystal structures for both 39 and 40 bound to the HIV-1
IN CCD reveal that the molecules occupy nearly identical spaces with the
major difference being an additional H-bond interaction of the BI-1001
methoxy group with T174 of IN. Additionally, both classes of molecule
promote integrase multimerization.'*> This alternative mechanism has been
well documented to play an important role in viral replication as precise
coordination of the multimeric state of IN is required to bind viral DNA
productively.'?®'** The mechanistic details for inhibition are obviously
complex, but a consensus appears to be forming around the concept of a
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multimodal inhibition in which compounds impair both LEDGF-
IN-dependent binding and LEDGF-independent integrase catalytic activity.

6.5 Conclusion

The emerging field of non-catalytic site integrase inhibitors is starting to gain
significant momentum. The first molecules that inhibit the interaction of
LEDGF/p75 with HIV-1 IN were reported in 2007, and in 2011 we already
witnessed the first clinical trials of this new class of integrase inhibitor. The
rapid progress in this new field is reminiscent of how the development of the
strand transfer inhibitors accelerated over a decade ago. As with the active-site
inhibitors, it would be expected that a number of molecules may be required to
enter advanced preclinical and clinical study before medicinal chemists achieve
success. It is exciting to consider potential regimens using both types of
integrase inhibitors to restrict further the potential for viral escape, possibly by
forcing losses in fitness from having to elude multiple inhibitors. Although
patients are well served at present, it is clear that new ideas and new directions
are still viable and ripe for consideration as worthy investments.
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